Using Arabidopsis thaliana AtCHX17 as an example, we combine structural modeling and mutagenesis to provide insights on its protein architecture and transport function which is poorly characterized. This approach is based on the observation that protein structures are significantly more conserved in evolution than linear sequences, and mechanistic similarities among diverse transporters are emerging. Two homology models of AtCHX17 were obtained that show a protein fold similar to known structures of bacterial Na + /H + antiporters, EcNhaA and TtNapA. The distinct secondary and tertiary structure models highlighted residues at positions potentially important for CHX17 activity. Mutagenesis showed that asparagine-N200 and aspartate-D201 inside transmembrane5 (TM5), and lysine-K355 inside TM10 are critical for AtCHX17 activity. We reveal previously unrecognized threonine-T170 and lysine-K383 as key residues at unwound regions in the middle of TM4 and TM11 α-helices, respectively. Mutation of glutamate-E111 located near the membrane surface inhibited AtCHX17 activity, suggesting a role in pH sensing. The long carboxylic tail of unknown purpose has an alternating β-sheet and α-helix secondary structure that is conserved in prokaryote universal stress proteins. These results support the overall architecture of AtCHX17 and identify D201, N200 and novel residues T170 and K383 at the functional core which likely participates in ion recognition, coordination and/or translocation, similar to characterized cation/H + exchangers. The core of AtCHX17 models according to EcNhaA and TtNapA templates faces inward and outward, respectively, which may reflect two conformational states of the alternating access transport mode for proteins belonging to the plant CHX family.
Introduction
Genomes of all flowering plants encode a family of predicted cation/ H + exchangers (CHX) that are infrequently found in metazoan genomes. Phylogenetic protein analysis showed CHX increased from 3 to 4 genes in early land plants to over 40 in eudicots. CHX proteins from a moss, Physcomitrella patens, are similar to Arabidopsis thaliana CHX20, suggesting AtCHX20 and the related AtCHX16-19 genes are founding members of this superfamily. The proliferation of CHX genes suggests they could function in adaptation to life on dry land through roles in vegetative survival, reproductive innovations, or both [13] . However, direct evidence demonstrating transport activity of any eukaryote CHX within the Cation/Proton Antiporter family 2 (CPA2) is lacking. Expression of CHX genes in yeast mutants lacking multiple cation transporters has provided evidence for cellular functions of Arabidopsis CHX transporters. The yeast mutant KTA40-2, which lacks multiple cation transport systems, is sensitive to alkaline external pH [41] . Expression of AtCHX17 to AtCHX20 in the KTA40-2 mutant conferred tolerance to pH 7.5 [12] . This finding suggests that one role of CHX17 is to maintain pH homeostasis in subcellular compartments and the cytosol. The yeast mutant KTA40-2 is also sensitive to the drug hygromycin B (HygB), although, yeast expressing either AtCHX17, AtCHX18 or AtCHX19 became tolerant to the antibiotic. As aminoglucosides can be internalized by endocytosis, the ability to confer tolerance indicated the yeast was able to sort the antibiotic to a compartment for removal or degradation. Thus, AtCHX17 likely has a role in proper membrane trafficking and in cargo sorting as shown by reduced secretion of carboxypeptidase Y in yeast [12] . However, KTA40-2 yeast transformed with either AtCHX16 or AtCHX20 was sensitive to the drug [12] .
Together, these results show that functional diversity among AtCHX proteins is possibly related to different subcellular localizations, pHdependent activities, or modes of transport.
To test the cations transported by AtCHX17 and AtCHX20, we previously expressed these genes in the LB2003 Escherichia coli mutant that lacks three K + uptake mechanisms. In a bacterial host, a CHX protein would be localized on the PM, which would facilitate measurement of cation uptake into the cell [59] . The E. coli mutant alone is unable to proliferate on medium with 2-4 mM K + . Expression of either AtCHX17 or AtCHX20 restored growth of the bacteria cultured in low K + -containing medium. LB2003 E. coli cells also took up radioactive 86 Rb + , a K + analog. In competition experiments with non-radiolabeled cation, K + competed and inhibited 86 Rb + uptake at a lower concentration relative to Na + [12] . Thus, AtCHX17
and AtCHX20 both appear to transport alkali cations with a preference for K + . Similar results were reported for PpCHX1 and PpCHX2 from Physcomitrella patens [42] . However, the mode of K + transport was unclear. So far, attempts to measure direct transport using either vesicles of E. coli expressing CHX17 (Sze H, unpublished) or proteoliposomes reconstituted with Arabidopsis CHX17 (Venema K, unpublished) were unsuccessful. AtCHX17, AtCHX18 or AtCHX19 might perform overlapping functions as they show similar membrane localization in plant cells and similar activities in yeast [12] . Mutants with disruption in one or two of these genes did not display any obvious phenotype; however, a triple mutant showed reduced seed set relative to wild-type [14] . AtCHX17, CHX18 or CHX19 fused to fluorescent protein localized to prevacuolar compartments (PVC) and CHX17 associated also with plasma membrane (PM) of transgenic plants [14] . How loss of chx17 chx18chx19 gene function affects seed set is unclear. It is possible that these CHX transporters share a common role in pH and K + homeostasis of dynamic endomembranes necessary for gametophyte function and successful reproduction. Phylogenetic analyses show the Cation/Proton Antiporter (CPA, T.C. 2.A.37) superfamily separates into two major branches: CPA1 and CPA2 [8] . Although CPA2 members are classified by homology as cation/proton exchangers, it is unclear what features distinguish CPA2 from CPA1. The CPA1 branch consists of plant Na + /H + exchangers (NHX), and the CPA2 branch consists of two subfamilies, CHX transporters and K + efflux antiporters (KEA) in plants [13] . Plant NHX family has been well-studied and members include the plasma membranebound SOS1/AtNHX7, endosomal AtNHX5/6 that is part of the eukaryote intracellular-NHE clade and the plant-specific vacuolar clade including NHX1/2 [13] . These cation/H + antiporters are important for diverse functions, such as tolerance to salt stress, K + uptake into vacuoles, pH regulation, and protein sorting ( [5, 6, 45, 47, 48] ). CPA2 members are ubiquitous in genomes of bacteria, algae, fungi, Ameobozoa and plants, but not detected in metazoan genomes so far [13] . Arabidopsis KEA2 mediated tolerance to K + and Na + stress in yeast and K + reduced an imposed pH gradient (acid inside) in reconstituted proteoliposomes. As the N terminus of AtKEA2 is targeted to plastids, results suggest KEA2 catalyzed K + /H + exchange in plastids [1] . Localization of Arabidopsis KEA1 and KEA2 to the inner envelope and of KEA3 to thylakoid membranes combined with mutant analyses further demonstrated roles of KEAs in osmoregulation, and pH and cation homeostasis of chloroplast [34] . Thylakoid KEA3 was shown to accelerate photosynthetic acclimation and increase photosynthetic efficiency under fluctuating light [3] . The evolutionary history suggests CPA genes evolved from distinct ancestral bacterial genes that gave rise to NhaP-like, KefC-like, and EcNhaA-like transporters [13] . EcNhaA is the first Na + /H + antiporter to be crystallized [23] . It has served as a model for studying the mechanism of cation/H + antiporters [33, 44] . The primary cellular function of EcNhaA is supporting growth at alkaline pH in the presence of Na + or Li + [33] . EcNhaA is electrogenic, 2H + are imported into the cell as 1 Na + is exported [2] . EcNhaA is active from pH 6.5-8.5, and the transport activity increases reaching a maximum level at pH 8.5 [56] . It has been extensively studied at the genetic and biochemical level. The 3D structure adopts a 'NhaA' protein fold [43] that is distinct among other protein folds of secondary active transporters [7] . Here, we have modeled the 3D structure of Arabidopsis thaliana AtCHX17 to locate potential active residues, and to provide insights on protein architecture and transport function. The working assumption is that if CHX17 is a cation/H + exchanger, it might share similarity in its core residues with crystallized bacterial cation/proton exchangers, in spite of overall low sequence identity. This concept is based on the observation that protein structures are significantly more conserved in evolution than linear sequences [30] . The number of basic shapes in which transport proteins fold may be limited and finite. More importantly, structural and mechanistic similarities among diverse cotransporters are emerging [18] . Phyre 2 utilizes template-based modeling, in which a sequence is aligned to another of known structure on the basis of patterns of evolutionary variation [26] . This type of tool is getting increasing use by biologists to shed functional and structural insights on unknown or poorly characterized proteins. The advances were due to (i) the development of powerful statistical techniques to extract evolutionary relationships from homologous sequences; (ii) the enormous growth in new sequence information and increasing known structures (PDB); and (iii) the power of computing to process large databases with a fast turn-around [26] . Using a combination of protein sequence alignments, secondary structure alignments, and the tertiary structural models, we revealed conserved and previously unrecognized residues located within a four-helix bundle of TM4-5 and TM11-12. Results support the idea that the core of AtCHX17 resembles a cation/H + exchanger. Furthermore, we show that structural modeling is a powerful first step when protein BLAST fails to reveal homologs of a protein. We show that the C tail of CHX17 has a secondary structure resembling bacterial tandem universal stress protein. Thus 3D model structures can give clues to function, strategies to test ideas, and identify core residues of transporters to infer function.
Materials and methods

Yeast
The yeast mutant strain KTA40-2 (ena1-4Δ, nha1Δ, kha1Δ, nhx1Δ) was grown in YPAD medium prior to transformation.
Generating 3-D model structures of CHX17
To find homologs and potential conserved residues among CHX17 and other cation/H + exchangers, amino acid sequences were aligned using MUSCLE program [16] . A 3-D model of the Arabidopsis thaliana CHX17 transmembrane domain (1-440 residues) and other related transporters was first generated with the protein homology/analogy recognition engine, Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/ page.cgi?id=index) [25, 26] . To assess the quality of the predicted structures, CHX17-TM was also modeled with five other programs, including I-TASSER [63, 64] , RaptorX [24] , SWISS-MODEL [4] , M4T [49] and IntFOLD2 [9] . These six predictors are ranked highly in CASP9 (Critical Assessment of Protein Structure Prediction) competitions. In general, modeling tools select the closest homologs for secondary and tertiary structure predictions. Predicted 3D models are then compared to known structures in the PDB library. A model with the top score to a known template is presented. Confidence scores are given to indicate the quality of the 3D predicted models. Most of the structure prediction servers require only protein sequence and do not allow any options to modify the model building process. Where options were available (e.g. option to exclude some structures from the template database in I-TASSER) we have used the default settings as they were optimized by the developers of the protein prediction servers for optimal performance. For this first attempt at modeling AtCHX17, we saw no reason to change those through, for example, installing a local version of the prediction software, which enables higher flexibility. The details on the implementation of the structure prediction approaches for each server can be found in the original papers that we have cited.
The structure of the C tail of AtCHX17 from residues 451-820 was modeled using Phyre2, I-TASSER (http://zhanglab.ccmb.med.umich. edu/I-TASSER/) [63, 64] , and Robetta (http://robetta.bakerlab.org/) [15] .
CHX17 point mutation constructs
Single-residue point mutations were generated using the Quik Change II site-directed mutagenesis kit according to the manufacturer's instructions (Agilent Genomics Cat. #200521). Selected residue mutations included E111C, T170A, N200D, D201A, D201E, D201N, H284A, K355A, K355Q, K355R, K383A, C458A, C562A and C607A. Two complementary oligonucleotides containing the desired base change, flanked by unmodified nucleotide sequence were synthesized (Table S1 ). The two primers were used to amplify CHX17 cDNA in the pDONR221 Gateway vector, pECHX17 (Life Technologies 12536-017). Products were used to transform competent cells (E coli XL10-Gold). Plasmids were isolated and sequenced to confirm the desired mutation. Wild-type or mutated CHX17 cDNA was recombined into destination vector, pYES-DEST52 (Life Technologies 12286-019). Plasmids were introduced into NEB10β E. coli (C3019H) and amplified. Yeast strain KTA40-2 was transformed.
CHX17 truncated at the C tail were constructed by PCR-amplification of the desired sequence using CHX17 cDNA as template. The amplified cDNA was inserted into a yeast expression vector using recombination cloning (Gateway system). Recombination was verified by PCR using CHX17-specific primers.
To construct CHX17-GFP fusions, wild-type or mutated CHX17 cDNA in the entry vector (pECHX17) was recombined using LR Clonase into pGWFDR196 Gateway-compatible vector to give an in-frame fusion of enhanced GFP at the C tail of CHX17. This vector was constructed with yeast constitutive PMA1 promoter in Gateway vector pGWF2 [38] . Constructs shown in Table S2 included wild type pDX17-GFPpGWFDR196, and CHX17 mutated at E111C, T170A, N200D, D201A,  D201E, D201N, H284A, K355A, K355Q, K355R, K383A, C458A, C562A and C607A. Insertion of the cassette by homologous recombination was verified by PCR with a set of CHX17 gene specific primers. The yeast mutant KTA40-2 was transformed with above constructs and selected on YNB minus URA plates. Six independent colonies from each constructs were analyzed by fluorescence microscopy, and tested for Hyg B tolerance.
Transformation of yeast
The yeast strain KTA40-2 was transformed using the Li acetate method [21] . To prepare cells for transformation, yeast were grown in YPAD medium (1.0% yeast extract, 2.0% peptone, 0.01% adenine, and 2.0% glucose) plus 50 mM KCl overnight. A 10 ml YPAD overnight culture was diluted with 10 ml YPAD plus 50 mM KCl and incubated for 4-6 h to reach mid-log phase. The yeast was pelleted, washed and suspended to A 600 of 2-2.5 by using 4 ml of FCC solution (5% v/v glycerol, 10% v/v DMSO). Cells stored at − 80°C. For yeast transformation, 12.5 μl of yeast cells were incubated with 65 μl of 50% PEG3350, 10 μl of 1.0 M lithium acetate, 5 μl of salmon sperm DNA, and 1 μg of plasmid DNA. Plasmids included empty vector pYES-c1 only, or vector containing wild-type CHX17, or CHX17 with point mutations, or C-tail truncations. Transformants were selected on YNB (A) plates containing 100 mM KCl lacking Uracil, and positive colonies were selected again.
Test CHX17 activity in yeast
After yeast KTA40-2 was transformed, positive transformants were selected on YNB(A), pH 6.0 supplemented with 50 mM KCl, amino acids, and 2% glucose. At least 8-12 independent transformants were subcultured. Six transformants per construct were inoculated into 1.0 ml of YNB(A) at pH 6 minus uracil and supplemented with 50 mM KCl and 2% glucose. After 24 h, cells were diluted 5-fold into YNB(A) medium lacking uracil and diluted KCl (10 mM) and glucose (0.4%). After overnight shaking, cells were normalized to A 600 of 0.2 using K + -free YNB(A) at pH 6.0. Ten-fold serial dilutions were made using K + -free YNB(A) at pH 6.0. Five microliters of each serial dilution was spotted on solid YNB(A) plates minus uracil and containing 2% galactose plus varying concentrations of Hygromycin B (EMD Millipore 400052). For testing activity of CHX17-GFP constructs under the PMA1 promoter (pGWF2), test media contained 2% glucose. For testing CHX17 C-tail truncation constructs, yeast cells were normalized to A 600 of 0.4 prior to serial dilutions.
For growth on liquid culture, 6 independent yeast transformants for each construct were inoculated into 2.0 ml of YNB(A) at pH 6 minus uracil and supplemented with 50 mM KCl and 2% glucose. After overnight culture, cells were pelleted and suspended in YNB(A) at pH 6.0 plus 2% galactose minus KCl and uracil. Yeast cultures at A 600 1.1-1.3 were normalized to 0.1. Liquid medium was 6.0 ml YNB(A) at pH 6 plus 2% galactose minus KCl and uracil, with or without hygromycin B at 0, 25, 50, 75, or 100 μg/ml. Cultures were incubated in a 30°C shaker and 600 μl of culture was removed at 0 to 50 h. to measure absorbance at 600 nm. Plots show one representative experiment of 3.
Detecting GFP-tagged CHX protein
Aliquots of yeast grown to mid-logarithmic phase in YNB medium lacking URA were analyzed in 10-well glass-bottom microscope slides. Cells were examined by fluorescence and visible light microscopy with a digital imaging-capable Nikon E600 microscope using an oilimmersed objective at 100× magnification. Using a SPOT imaging software (Nikon Inc.,), fluorescence microscopy images for GFP and Nomarski/DIC (differential interference contrast) images were taken. To detect CHX17-GFP protein, total protein from the yeast was isolated, gel-separated and immuno-stained with anti GFP antibodies. Briefly, yeast was grown in 5 ml YNB medium overnight to OD 600 of 1.0. Cells were pelleted; and washed once with water. The pellet was suspended in 1.0 ml of 2 M lithium acetate and incubated at room temperature for 5 min. Cells were pelleted and suspended in 500 μl of water. Freshlymade 1.85 M NaOH/7.4% (v/v) β-ME was added (85 μl) and mixed by vortexing [29] . After incubating on ice for 10 min, 40 μl of 100% (w/v) TCA was added and mixed to precipitate proteins on ice for 10 min. Proteins were collected 13,000 rpm for 10 min at 4°C using a microfuge. Pellet was washed with 500 μl of cold (− 20C) acetone and air-dried for 15 min on ice. The pellet is suspended in 500 μl of SDS phosphate saline buffer (pH 7.4). A 50 μl of sample was mixed with 50 μl of 2× SDS-PAGE gel loading dye. After heating at 70°C for 15 min, the sample is spun at 13k rpm for 5 min at room temperature. The supernatant (80 μl) with total protein (50-80 μg) is loaded onto a large 7.5% acrylamide gel and run at 4 mAmp for 16 h. One gel was stained for protein with Coomasie Blue, and another was used for immunoblotting Protein was transferred to Immobilon-PVDF membrane and blot was immuno-stained as described before [61] . The membrane was incubated with antibody incubation buffer containing polyclonal rabbit anti-GFP-IgG (1:3000, Abcam ab290) for 1 h at room temperature. After washing with buffer, the blot was incubated with goat anti-rabbit IgG HRP-conjugated secondary antibody (1:3000, Sigma Aldrich A6154) for 1 h. The blot was incubated with SuperSignal HRP substrate (Pierce 34080) for 1 min. And exposed to X-ray film (Thermo Scientific 34090) for 30 s up to 10 min before developing (Kodak X-OMAT 5000RA). (Fig. 1A) . Phylogenetic protein analysis of its N-terminal TM domain revealed it belongs to the CPA2 family of cation/H + antiporters which is also related to bacterial Na + /H + antiporters, T. thermophilus NapA and E. coli NhaA ( Fig. 1C ; [13] ). Based on TM prediction programs, there are 10-13 TM spans, with a consensus of 12 TM [51] . Blue lines in Fig. 1B show residues predicted to form the 12 TM spans according to TMHMM 2.0 [32] . 3D modeling of CHX17 based on the crystal structure of EcNhaA (1ZCD in Protein Data Bank) also revealed 12 alpha-helices that span the membrane (green line) though the placement of 2 TM spans differed from that of TMHMM2.0. The model of CHX17, based on the known structure of TtNapA (4BWZ), shows similar overall topology of the transporter, however it predicts an additional TM span at the beginning of the protein, as dictated by the template (Fig. 1B, orange) . In both templates the N-terminal part of the transporter (up to residues~70 in CHX17) has similar secondary structure -two alpha-helices separated by a hinge, but the topology is altered. In EcNhaA, the N-terminal helix starts at the cytoplasmic side, with the second helix lying along the cytoplasmic interface. In contrast, in TtNapA, the N-terminal helix starts at the extracellular side, while the second helix forms a hairpin in the opposite direction (see next section). The overall topology is the same between the two proteins except TtNapA has an additional helix. Both EcNhaA and TtNapA structures form dimers as found in all characterized Na + / H + exchangers [23, 36, 37] . TtNapA has an additional helix to make a more extensive dimerization interface than EcNhaA. Notably, discrepancies in the predicted positions of TM domains between TMHMM2.0 and EcNhaA-based template lie exactly in that Nterminal α-helical hairpin region of TtNapA, (TMHMM2.0 detects it as two TM helices, while EcNhaA has only the first one), and topologically similar α-helical hairpin of TM7-TM8 (TMHMM2.0 detects it as a continuous TM region, while both structures have it separated in two). Interestingly, in TtNapA, helices TM7/TM8/TM9 even have a rotational pseudo-symmetry with TM-1/TM1/TM2. For simplicity and consistency with published research, we have adopted the TM number according to EcNhaA. The first TM span in TtNapA or AtCHX17 is referred to as TM-1 (minus 1), and the following TM observed in CHX17 and in TtNapA, but not in EcNhaA, is given TM#1. TM spans from 2 to 12 in CHX17 share the same numbering system as in E. coli or T. thermophilus (Fig. 1B) .
Linear protein alignments of CPA2 and CPA1 showed low sequence identity with a few conserved residues, so prediction tools were used to generate secondary structures. Fig. 2 summarizes the linear protein alignment accompanied by the predicted alpha-helix TM domains, obtained with Phyre2. The Phyre2 server has a 'fold'-library that stores the known and predicted secondary structures of proteins ( [25, 26] . When CHX17 residue 1-440 is entered as query, a profile is constructed using psi-BLAST (Position-specific iterated basic local alignment search tool) to collect sequence homologs. The resulting alignment is used to predict the secondary structure of CHX17-TM and its homologs with PSIPRED [39] (see Fig. S1A -B). We tested other CHX17-related homologs independently in Phyre2, and found they have similar secondary structures (Fig. 2 ).
Predicting tertiary structure of AtCHX17 and assessing its quality
Both linear alignment and secondary structure prediction are combined as query in a hidden Markov model (HMM). This HMM query is then compared with a HMM fold library containing proteins with known structures. The top scoring alignments are used to construct crude back bone only 3D model. Finally, back-bone only models are corrected by loop modeling and amino acid side chains are added by side chain placement [26] . The top two models of AtCHX17 chosen were based on the structure of Thermus thermophilus NapA, and E. coli NhaA (Table 1 ; Fig. 3 ). The AtCHX17-TM region shared 26% and 16% identity with TtNapA (PDB: 4BWZ) [36] and EcNhaA (PDB: 1ZCD) [23] , respectively. CHX17 residues 31-436 or 92% aligned with TtNapA (Fig. S1B) . 'Confidence' represents the probability (from 0 to 100%) system from residues 37-423. The C-tail has homology to an adenine nucleotide alphahydrolase (AANH). B) Transmembrane segments (TM) in AtCHX17 was predicted by TMHMM2.0 (blue line), and α-helix TM spans predicted with PSIPRED in Phyre2 using EcNhaA (green) or TtNapA (orange) as templates. Dots infer discontinuous regions within α-helices TM4 and TM11. C) Protein phylogeny shows AtCHX17 is related to TtNapA and EcNhaA. The Pfam0999 domains (residues indicated) were aligned by MUSCLE and the tree was determined with maximum likelihood using JTT with a bootstrap of 500. AtCHX17 and AtNHX1 are segregated into CPA2 and CPA1 families, respectively. Protein identifiers and organisms are defined in Fig. 2 , and Table S3 . Primary and secondary structure alignment of AtCHX17 with other CPA members show low sequence identity and few conserved residues. Sequences were aligned using Muscle. Grey bars infer alpha helices (or transmembrane regions) predicted by Phyre2. A) AtCHX17 region from end of TM2 to TM5. D201 in AtCHX17 is conserved in all CPA members. E111 is conserved in CPA2 but not in CPA1. T170 is conserved as T or S in most CPA, but adjacent residues vary. B) AtCHX17 region from TM9 to TM11. K355 (blue) in TM10 is conserved as a Lys (K) in most CPA2, but as an Arg (R) in CPA1. K383 in the discontinuous helix of TM11 is less conserved. E311 or E308 (TM9) appears conserved in CPA2 but not CPA1. Protein sequences correspond to AtCHX17 (At4g23700; 1-430), EcNhaA (BAB96592, 1-388), SynNhaS4 (NP_440311; 1-420), TtNapA (Q72IM4; 1-386) [19] , AtKEA1 (At1g01790; 581-1000); AtKEA2 (O65272.2; At4g00630.1; 561-980) [1] ; HsNha2 (NP_849155.2; 71-490) [50] , AtNHX1 (At5g27150; 1-448) PeNHX3 [60] , and HsNHE1 (91-520; P19634.2). Acidic and basic residues are highlighted in red and blue, respectively. Olive green denotes polar uncharged residues S, T, N, Q, H, W; Light green refers to Y, and grey to C. Nonpolar residues are in yellow.
that CHX17 and the template is a true homology. Even though the sequence identity is low, a confidence level above 90% indicates CHX17 shares a similar protein fold with its templates, and that the core of the protein is modeled at high accuracy [25] . However, surface loops will probably deviate from the native structure. Table 1 shows the confidence level for the predicted CHX17 structure based on TtNapA or EcNhaA template is 100%. Phylogenetic analysis ( Fig. 1C ) showed cation/H + exchangers are related to one another; yet even bacterial transporters from the CPA2 family share at best 28% identity with TtNapA and 18% identity with EcNhaA (Table 1; Table S3 ). Crystal structures of Metja NhaP1 [46] and Pryab NhaP [62] became available after our study began. As CPA1 members, they shared less sequence identity to AtCHX17 (15%) though a similar 3D model of AtCHX17 was obtained using MetjaNhaP1 (PDB: 4czb) as template (Table 1) . To verify the model generated by Phyre2, we predicted CHX17 structure using the I-TASSER suite. I-TASSER takes four steps: i) thread query through a non-redundant structure library to identify structural templates, ii) iterative structure assembly simulation, iii) model selection and refinement, and iv) structure-based function annotation [63, 65] . The known structure of PDB 4bwz emerged as the best template as it (TtNapA) was independently chosen by all 10 sequence threading programs that I-TASSER uses through LOMETS (threading meta-server). After the structure assembly simulation, I-TASSER uses the template modeling (TM)-align structural alignment program to match the first I-TASSER model to all structures in the PDB library. Results show the top-ranked templates are bacterial Na + /H + antiporters. The structural alignment of CHX17 with TtNapA gives the highest TM-score of 0.86, and with EcNhaA a TM-score of 0.56 ( Table 2 ). The RMSD (root mean square deviation) between the best model and the template (PDB 4bwz) is 0.86 A, when sequence identity in structurally aligned regions is 26.4%. Whole-structure TM score is a metric for measuring the structural fold similarity of two protein structures [66] . Scores below 0.17 corresponds to unrelated proteins, score higher than 0.5 typically indicate two structures share the same fold in SCOP/CATH. Score 1 means there is a perfect match. The predicted RMSD between the model and the "true" target structure is 7.2 ± 4.2Å, and the predicted TM-score for them is 0.70 ± 0.12 [64] . The confidence of prediction is significantly higher for alpha-helical domains of the model. The transmembrane part of the template is composed mostly of alpha-helical regions, whereas flexible loops are typically exposed at the membrane surface. The predicted RMSD between the top model and the target structure for alpha-helical regions is 3.6 ± 3.3Å. The confidence score (C-score) for the top CHX17 model is − 0.10 indicating the global topology of the model is near correct. The confidence score used by I-TASSER is a measure of the estimated quality of the model. It is a composite empirical metric based on significance of threading template alignments, and the convergence of simulated structure assembly. C-score ranges from −5 to 2 and the scores higher than −1.5 refers to models with the correct global topology. The benchmark tests showed high (0.75) correlation between the C-score and deviation between the CHX17 model and the known target structure (TtNapA), which can be used for prediction of the model deviation for the cases where the target is unknown. Thus, both Phyre2 and I-TASSER predicted CHX17 model based on several templates with high confidence.
Moreover, we compared predicted AtCHX17 structures obtained from Phyre2 and I-TASSER (Fig. S2) . With TtNapA as template, the TM-score of their similarity is 0.86 [66] . RMSD between the residues they have in common is 3.14 A. Using EcNhaA as template, the TMscore for similarity is slightly less at 0.76. RMSD of overlapped residues is 2.41 A. A close-up view ( Fig. S2C; S2F) shows good overlap of alphahelices and side chains of CHX17 models based on TtNapA or EcNhaA predicted by Phyre2 and I-TASSER. Four additional programs were used, including Raptor-X [24] , Swiss Model [4] ; M4T [49] and IntFOLD2 [9] . Results confirm that the core is modeled more accurately than loop regions (see Discussion). In this study, we show primarily CHX17 models (from Phyre2) based on TtNapA and EcNhaA templates, and compare findings with EcNhaA which has been extensively studied.
According to EcNhaA template, the CHX17-TM model consists of two inverted repeats at TM1-5 and TM8-12 connected by TM spans 6 and 7 (Fig. 3B, D) . When compared with TtNapA, CHX17 could have a 6 + 1 + 6 topology where TM-1 to TM5 and TM7-12 are inverted repeats. This is better visualized in a linear 2D topology model in Fig. 3B . It is likely that native plant CHX17 exists as a dimer based on characterized Na + /H + exchangers [36] .
Structure models of CHX17 highlighted potential critical residues
Information from linear protein alignments, predicted secondary and tertiary models of CHX17 was examined together to locate potential functional residues. The most strikingly conserved residue in characterized cation/proton antiporters is D201 in the middle of TM5, followed by K355 or a basic residue in the middle of TM10 (Fig. 2) . Other residues that may be indispensable are those located in the unwound region of TM4 and TM11. These and other residues were modified by mutagenesis (Fig. 3C ) and CHX17 activity was monitored after expression in yeast.
Testing AtCHX17 activity in yeast
We tested wild-type or mutated CHX17 activity in a yeast (Saccharomyces cerevisiae) mutant that lacks several cation exchangers and pumps. The KTA40-2 mutant lacks PM-localized Na + -ATPases (ena1-4Δ), a PM-localized Na + /H + exchanger (nha1Δ), a vacuolar Table S5 for protein accession). Arath, Phypa, Spra refer to Arabidopis thaliana, Physcomitrella patens, and Spirogyra pratensis. Yeast, Dicdi and Glovi refer to Saccharomyces cerevisiae, Dictyostelium discoideum and Gloeobacter violaceus. Na + /H + exchanger (nhx1Δ), and an endosomal K + /H + exchanger (kha1Δ) [41] . This mutant is sensitive to growth on alkaline pH medium and to the drug Hygromycin B (HygB). In contrast, the triple mutant AXT3 which lacks three cation transporters as above, but retains wildtype KHA1, is able to grow on medium at pH 7.5 and is also tolerant to HygB [12] . Similarly, AtCHX17 expression in KTA40-2 strain restores growth on alkaline pH medium and tolerance to HygB as shown before [12] . These results demonstrate that AtCHX17 is a functional homolog of yeast KHA1p as suggested by protein phylogeny (Fig. 1C) . Furthermore, the results suggest a role of yeast KHA1p or AtCHX17 in pH homeostasis.
Here we monitored CHX17 activity by its ability to support yeast KTA40-2 growth on HygB. Optimal HygB concentration was determined to be 100-150 μg/ml ( Fig. S3 and S4 ). HygB-resistance in yeast is often used to monitor activity from cation/H + antiporters, like AtNHX1. The basis for HygB-resistance was unclear, though recent studies suggest it is likely due to ability of eukaryote cells to sort endocytosed aminoglycoside to a compartment for removal or inactivation. Internalized aminoglycoside is apparently degraded or inactivated in wild-type yeast when it is sorted to a proper compartment (e.g. vacuole). Failure in proper sorting due to altered pH and cation homeostasis of endomembrane compartments (e.g. prevacuolar) will cause yeast to be HygB sensitive [12] . The concept is further supported by altered vacuolar pH homeostasis seen in Arabidopsis nhx1nhx2 double mutants [5] . Although, measuring yeast growth is not a direct transport assay, it is the most sensitive measure of CHX17 activity at present [12] . Direct transport assays using vesicles and proteoliposomes have been unsuccessful (Venema K, unpublished) so far.
Asp201 conserved in TM5 serves as a control
To confirm whether HygB-resistance in yeast reflects CHX17 activity, we first mutated Asp-D201 as an Asp in TM5 is strictly conserved in all cation/H + exchangers (Fig. 2) . Mutation of Asp-D164 in EcNhaA, Asp-D157 in TtNapA, D279 in HsNHA2 or D188 in PeNHX3 all decreased bacteria or yeast growth dependent on the wild-type transporter (see Table 3 for results and ref.
). Thus if a mutation in D201 in CHX17 reduced yeast tolerance to HygB, this assay reflects a valid measure of CHX17 activity When D201 in the middle of TM5 was changed to A (Ala), the D201A mutation abolished CHX17 activity, as yeast expressing this mutated CHX17 was sensitive to HygB (Fig. 4A-B) . In addition, yeast expressing the D201N (Asn) mutation was also sensitive to increasing HygB concentrations (Fig. 4A) . Intriguingly, CHX17 carrying a D201E (Glu) mutation which retains an acidic group on a longer side chain, showed activity similar to wild-type protein (Fig. 4A) . To confirm and quantitate the results, yeast carrying D201 mutations were tested for growth in liquid culture containing 25-100 μg/ml HygB. Only mutants with the D201E mutation proliferated on medium with HygB similar to wild- type CHX17. However, yeast expressing the D201A mutation grew poorly (Fig. 4B ). These results demonstrate an acidic residue (Asp or Glu) at position 201 is necessary for CHX17 activity.
K355 within TM10 is important for activity
In AtCHX17, a Lys-K355 in the middle of TM10 is strictly conserved in the entire AtCHX family, but not in all CPA members ( Fig. 2 ; Table 3 ). Yeast expressing CHX17 carrying K355A mutation was sensitive to HygB (Fig. 4C) . To test if another basic residue or a residue possessing NH 2 on the side chain were effective, Lys355 was changed to either Arg or Gln. Gln (Q) has a polar uncharged side chain; Arg (R) at neutral pH has a positive charge in its side chain, which is more difficult to neutralize but more distributed than the one on a Lys. The pKa for Arg side chain is 12.48 versus 10.53 for Lys. KTA40-2 yeast expressing either CHX17 with K355Q or K355R was sensitive to HygB (Fig. 4C ). When growth was tested in liquid media, yeast carrying all K355 point mutations was sensitive to HygB, similar to the D201A mutation (Fig. 4D) . These results show that structural and/or functional requirements for K355 are very specific and the lysine side chain could not be substituted by an amine group that would not accept a proton or by guanidinium group capable of protonation. Since there are several properties that distinguish Arg from Lys, direct transport assays are needed to distinguish whether it is charge delocalization, larger size or increased pKa that make R355 less active.
Residues in the unwound region within TM4 and TM11: Thr170 and Lys383
The 3D model of AtCHX17 is particularly striking due to intersection of the discontinuous regions in the middle of α-helix TM4 and TM11 (Fig. 3A-C) . According to studies of crystallized secondary active transporters [18] so far, the 'NhaA' fold is distinct in having an active core within TM4-5 and TM11-12, based on studies of EcNhaA [53] . The core is defined as a region in the center of the protein with residues critical for transport or binding. The alignment of predicted and known secondary structure of CHX17 and TtNapA, respectively, suggested for the first time unwound regions within TM4 and TM11 ( Fig. 2; Table 3 ; Fig. S1A-B) .
Only 2-3 residues are predicted within the unwound regions of a transmembrane α-helix, thus we examined whether conserved residues emerged among different CPA2 transporters ( Fig. 2; Fig. S1A-B) . Sequence identity at this location is low among the CPA2 members, so we tested a partially polar residue, T170. Yeast expressing the T170A point mutation became sensitive to HygB (Fig. 4E) , suggesting it could be functionally important.
Based on the predicted 3D structure (Fig. 3) and known extended chain of TM11 in TtNapA and in EcNhaA, we tested two consecutive residues in AtCHX17, as none were conserved with those in TtNapA or EcNhaA ( Fig. 2; S1A-B) .Yeast expressing T382A mutation showed HygB tolerance similar to cells expressing wild-type CHX17. However, yeast expressing the K383A point mutation became sensitive to HygB, indicating Lys383 is critical for CHX17 function (Fig. 4E-F) . These results were confirmed in liquid culture (Fig. 4E-F) . Together, these results show that residues, T170 and K383, within discontinuous α-helices in TM4 and TM11, respectively are necessary for CHX17 activity. Furthermore, T382 a neighbor of K383 in the extended chain of TM11 appeared to have no effect. Thus K383 likely performs a specific role in this region.
E111 near the membrane surface is critical for activity
Interestingly, E111C near the end of TM2 caused CHX17 to lose activity, whereas E311C in TM9 had no effect (Fig. 4G) . E111 in AtCHX17 is conserved as E78 in EcNhaA or E74 in TtNapA based on linear and structural alignments ( Fig. 2; S1A) . Mutations in E78 reduced growth and transport activity of EcNhaA. The E78A mutation, caused a shift in pH dependence, suggesting a role of this residue in pH regulation [22] . Similarly, E252 in TM9 of EcNhaA is thought to have a role in pH regulation [58] . However, E311C mutation in AtCHX17 showed no change in activity.
H284 in AtCHX17 seems conserved as H225 in EcNhaA ( Fig. S1A ; Table 3) . Surprisingly, the H284A point mutation did not alter CHX17 activity. Expression of CHX17 carrying the H284A mutation conferred HygB tolerance similar to wild-type CHX17, both on solid media and in liquid culture (Fig. 4E-F) . In EcNhaA, H225 is thought to specifically function in the pH response of the transporter [20] .
CHX17 activity can be monitored either as growth tolerance to HygB or to alkaline medium at pH 7.5. In a comparison, we show that the sensitivity to HygB of CHX17 carrying D201A or K355A mutation was more severe relative to yeast sensitivity to alkaline pH (Fig. 4G) . For this reason, yeast tolerance to HygB was chosen to assay CHX17 activity.
Amino acid sequence alignments showed that three cysteine residues of the hydrophilic C tail are highly-conserved among CHX transporters [55] . To test if these cysteines might form disulfide bonds and affect activity, individual Cys residues were mutated to Ala. In the C458A, C562A, and C607A mutations, yeast growth on HygB-containing media was similar to that of wild-type CHX17 (Fig. 4H) . Thus, these conserved Cys residues do not affect CHX17 activity in yeast. TM2  E 111  E78*  E88  E74  E104  E637  G 191  Q97  Q100  TM4-dis  I169  A131  I148  A125  V168  L689  A243  A154  A158  TM4-dis  T170  T132*  T149  T126  T169  S690  V244  T156  T159  TM4-dis  A171  D133*  A150  S127  A170  S691  S245*  D157  D160  TM4  F172  I134  F151  V128  F171  T692  P246  S158  S161  TM5-mid  N200  D163*  D179  D156*  N199  Q720  D278*  N184  N187*  TM5-mid  D201  D164**  D180  D157*  D200  D721*  D279*  D185  D188*  TM8  H284  H225  D262  A236  H285  S811  H356  S271  S274  TM9  E311/E308  E252*  E289  E258  E312  E833  E386  T298  T301  TM10- 
*Indicates mutated residue that decreased bacteria or yeast growth. EcNhaA is the only exception; ** indicates mutation reduced transport activity. TM# refers to transmembrane location of residue; 'dis' and 'mid' refers to discontinuous helix and middle of TM, respectively. (see Fig. 2 for details.)
Mutated CHX17 proteins are expressed in yeast
To verify the expression of mutated CHX17 proteins in yeast, CHX17 constructs were fused to a GFP tag at the carboxyl terminus. Wild-type CHX17-GFP conferred yeast tolerance to HygB. Similarly, the D201E-GFP mutation conferred HygB tolerance comparable to wild-type CHX17-GFP. However, yeast expressing either the D201A-GFP or D201N-GFP mutation was sensitive to HygB (Fig. 5A ). In addition, yeast expressing either the K355A, K355Q, or K355R point mutations fused to GFP were sensitive to HygB (Fig. 5B) . Yeast expressing Fig. 4 . Residues critical for CHX17 activity in yeast A-B) An acidic residue Asp or Glu at position 201 is required for CHX17 activity. A) Growth on solid medium. Yeast strain KTA40-2 transformed with a pYES-DEST52-derived vector (EV), or vector harboring wild-type CHX17, or D201 mutations was normalized to A 600 nm of 0.2. Five microliters of ten-fold serial dilutions was spotted onto YNB(A) media minus uracil at pH 6.0 with 2% galactose containing 0 or 150 μg/ml HygB, and incubated 3 days at 30°C. Result is representative of 6 independent transformants. B) Growth on liquid medium. Normalized yeast was grown in medium with or without HygB at 0-100 μg/ml at 30C. Growth was monitored at OD 600 nm for 50 h. CHX17-dependent growth at 21-30 h is shown. Result from one experiment. C-D) Lys355 is critical for CHX17 activity and cannot be substituted by Arg. Yeast strain KTA40-2 transformed with an empty vector (EV), vector harboring wild-type CHX17, or K355 point mutation was normalized to A 600 of 0.2. Yeast growth was assayed on agar plates (C) or liquid medium (D). Results on agar plates are representative of 6 independent transformants. CHX17-dependent growth at 22-32 h on liquid medium is an average of 3 independent experiments with 3 readings each. E-F) Residues in the discontinuous region of TM4 and TM11, Thr170 and Lys383. Assays on agar plate (E) or liquid medium (F) were as described in A-B. Growth on agar plates is representative of 6 independent transformants. Growth on liquid medium at 22-32 h is average of 3 independent experiments using 3 OD readings per experiment. G) Resistance to HygB is a more sensitive indicator of CHX17 activity than tolerance to pH 7.5: E111 is needed for activity. Yeast carrying an empty vector (EV), or vector with wild-type or mutated CHX17 was normalized to A (600 nm) of 0.2. Ten-fold serial dilutions of each culture were spotted onto plates containing either 125 μg/ml HygB at pH 6 (left panel); or a plate containing medium at pH 7.5 without HygB (right). Plates were incubation at 30°C for 3 days. Results are representative of 4 independent transformants. H) Conserved Cys residues in hydrophilic C-tail are not critical for AtCHX17 activity. Growth was assayed on agar plate as described in A. Results are representative of 6 independent transformants. mutations in the discontinuous α-helices T170A-GFP or K383A-GFP was also sensitive to HygB, but yeast expressing H284A-GFP showed HygB tolerance similar to wild-type (Fig. 5C ). Thus, a GFP tag at the C tail did not alter CHX17 activity in yeast.
Yeast expressing wild-type CHX17-GFP showed bright intracellular fluorescence and fluorescence at the cell periphery. Similar patterns of fluorescence were observed for yeast expressing CHX17-GFP carrying a point mutation. Control yeast carrying the empty vector showed no fluorescence (Fig. 5D-ii) . Therefore, CHX17 proteins carrying point mutations are expressed in yeast and are localized to membranes similar to that seen for wild-type CHX17.
CHX17-GFP protein in yeast was monitored by immunostaining with an antibody against GFP. Total protein was extracted from a similar amount of yeast culture and an aliquot with equivalent protein was separated by SDS-PAGE. Immuno-staining with anti-GFP revealed the largest reactive band at 122 to 146 kDa in lanes containing wild-type CHX17 or mutated CHX17. No immuno-reactive band was detected in extract from control yeast carrying the empty vector (Fig. 5E ). An average molecular mass detected by anti-GFP of~130 kDa is consistent with mass of a full-length CHX17 (89 kDa) [55] plus the enhanced GFP (33 kDa). The blot also showed varying levels of smaller mass proteins which are likely degraded products of CHX17 with GFP tag (not shown). As chemi-luminescence is a very sensitive detection method, the immuno-stain shows that a full-length protein of either wild-type or mutated CHX17 are expressed in yeast membrane at comparable levels. Thus the difference in CHX17 activity detected in yeast is not due to differential expression of protein levels.
An unknown domain at the C tail is modeled to have a conserved secondary structure
We tested the role of the C tail, as nearly all plant CHX members possess a long C tail that is not seen in any other eukaryote or metazoan CPAs. First, full length CHX17 construct was truncated to remove the carboxylic terminus to varying lengths. Each truncated version was competent in restoring HygB resistance in yeast similar to the full-length CHX17 (Fig. 6A-B) . Thus the C tail does not modulate CHX17 activity in a heterologous system. Second, we used psi-BLAST, HMMER [17] , Phyre2 and I-TASSER [63, 64] to get clues if the domain shared similarity to known structures.
In a previous phylogenetic study [13] , we discovered several bacterial genes encoding cation transporters (e.g. Table 1 ) possessed an extra C terminus of~300 residues. When the HMM (Hidden Markov Model) query of the C tail from Myxococcus xanthus or Stigmatella aurentica cation transporter, was scanned against the HMM library of known proteins using PHYRE2, the top templates were prokaryotic universal stress proteins (USP) ( Table S4) . A USP-like domain has 5 β-strands each alternating with a α-helix; whereas tandem USP proteins, have two such domains. Using the protein sequence of E. coli Usp-E as query, it was modeled with 100% confidence, even though the top templates included tandem USP with 15% or 93% sequence identity (Fig. S5A-B) (Table S4) . Furthermore, the protein fold of the C tail of bacterial NhaS4-like transporter was also modeled at 100% confidence with known tandem USP structures, in which the sequence identity was only 13-22% (Table S4 ).
The C terminal domain of CHX transporters from Arabidopsis, moss or spirogyra were all modeled to match several tandem USP proteins with a confidence of 98-99%, in spite of low sequence identity (Table S4 ). In contrast, the C tail of Dictyostelium discoideum Nhe3 or yeast KHA1p could not be modeled with confidence. Thus these results provide modeling evidence that CHX17-C tail from Arabidopsis and other plants, as well as C-tail domains of related transporters from bacteria, cyanobacteria, and archaea adopts the overall fold of a tandem USP (Fig. 6C ). This protein structure was confirmed with other topranked prediction tools, I-TASSER [63, 64] and Robetta [15] . The TM score from the structural alignment comparison of the query to known USP structures by I-TASSER ranged from 0.62 to 0.75 (Table in Fig. 6C ) which indicates the query assumes a protein fold similar to tandem USP [63, 64] . Thus the protein fold at the C tail of CHX17 and related cation/H + exchangers appears to be conserved in structure and possibly in function with bacterial USP.
Discussion
In this study, we used secondary and tertiary protein structure prediction tools for two purposes: i) to model the structure of an unknown protein domain as a first step to reveal its function; and ii) to provide insights on the transport function of a poorly characterized transporter, AtCHX17, by exploring its protein architecture and revealing its functional residues. Our study illustrates that the core of a protein can be modeled with high confidence when the eukaryote protein is functionally related to a bacterial transporter even though the proteins share low sequence identity.
Secondary active transport was conceptually defined since 1960s. In antiport or symport, the downhill movement of one species (e.g. H + or K + ) provides energy for the uphill movement of another substrate (e.g. K + or H + ). The transport protein is hypothesized to have a centrallylocated substrate binding site that is alternately accessible to the outside when it is in an outward-facing state, and then accessible to the inside when it is in an inward facing state [7, 18] . 'Inward' refers to cytosol and 'outward' refers to cell exterior or lumen of an intracellular compartment. The two states are caused by a rocker-switch conformation change. In an antiport, the downhill movement of H + (or ion) transport in one direction is coupled to the uphill movement of an ion (or H + ) in the opposite direction. Regulatory factors, such as ligands, may also affect the gating. The model depends on a few assumptions: i) the transporter is symmetrical, so transport kinetics in the forward and reverse direction are similar; and ii) there is a common binding site for H + and the cation (K + ) [10] . The plant CHX family has been classified as part of the cation/H + antiporter superfamily (CPA, TCDB 2.A.37.4.2), though its transport activity remains poorly characterized. The best characterized member from eukaryotes is Arabidopsis thaliana CHX17, so we chose it to understand the transport activity of related homologs ubiquitous in early and flowering plants. A conserved Asp residue in the middle of TM5 is wellrecognized in many CPA proteins, however, other critical residues were not known for any eukaryote CPA2 member. The human NHA2 sequence shows residues intermediate between CPA1 and CPA2 types ( Fig. 1C; Table 3 ). Furthermore, the architecture of plant CPA2 has not been modeled before.
CHX17 protein architecture is modeled reproducibly with four templates and different prediction tools
Protein structure prediction programs, such as Phyre2, I-TASSER, or Raptor-X rely on the observations that i) protein structure is more conserved in evolution than protein sequence, and (ii) the number of unique protein folds in nature seems limited [30] . These principles mean that proteins with remotely homologous sequences can adopt very similar 3D structures. With improved computational methods, the ability to detect remote homologs, the accuracy of the models has improved [24, 26] . It is not unusual to detect and model protein sequences with less than 20% identity to a known protein structure [25] as shown in Tables 1-2 . For example, the 5th template retrieved with CHX17 as query was the apical Na-dependent bile salt transporter (Yf-ASBT), a protein with only 13% identity to CHX17, yet shares a similar NhaA fold [67] (Table 2) .
Our results would support the idea that proteins can be modeled accurately even if the query and template share less than b 30% amino acid identity. We used several different protein prediction tools to query the structure of AtCHX17 and consistently got models with similar folds based on templates from four crystallized bacterial Na + /H + antiporters.
The quality of the models was assessed quantitatively by each tool. A CHX17 model based on TtNapA template gave the highest templatemodeling score of 0.860 in I-TASSER, a P value of 5.83e −09 based on Raptor-X; and a confidence score near 100% in Phyre2 (Tables 1-2) . The presence of four templates from bacterial Na + /H + antiporters with similar folds and functions lends more weight to a prediction than a singleton. As a control, we also queried the protein sequence of EcNhaA in Phyre2 which retrieved TtNapA as a template with 100% confidence, though EcNhaA shared only 19% amino acid identity with TtNapA (Table 1) . Although AtCHX17 shares only 26% and 16% amino acid identity to TtNapA and EcNhaA, respectively, CHX17 is a strong Fig. 6 . Testing the function and structure of AtCHX17-C tail. A) CHX17 C-tail truncations. The TM domain is shown as a colored box and the C tail is in white. CHX17 numbers refer to last residue after each truncation B) C-tail truncation did not alter CHX17 activity. Yeast strain KTA40-2 carrying empty vector (EV) or transformed with the indicated CHX17 C-tail truncation were grown and normalized. Five microliters of each 10-fold dilution was spotted onto YNB(A) media at pH 6.0 with 100 μg/ml HygB or DMSO and incubated 4 days. Results are representative of 5 experiments. C) A predicted 3D model of a tandem USP domain based on template PA1789. CHX17 residues 451 to 820 were queried by Phyre2 and by I-TASSER. Each USP domain contains β1-to β5-strand alternating with α1 to α4 helices. Second USP domain is labeled as β1′-to β5′-strand (see Fig. S5B ). The two domains are held together probably by H-bonding between anti-parallel β5 and β5' strands. Table shows that the CHX17 C tail modeled by I-TASSER matched six tandem USP proteins with high TM score. TM-score is a measure of the structural alignment between the query model and known structures. Species are Salmonella typhimurium, Proteus mirabilis, Mycobacterium tuberculosis, Pseudomonas aeroginosa, Thermus thermophilus, and Archaeoglobus fulgidus.
candidate for investigating eukaryote CPA2 transporters (Table 1 ; Fig. 1 ). A similar approach was used to model human NHA2, which shares only 13% amino acid identity to EcNhaA [50] . Although a 3D model is not a substitute for a structure determined experimentally, our results demonstrate that the quality of the first 3D models of CHX17 is sufficient for our purpose to identify critical residues within a global architecture.
Protein architecture revealed residues in the unwound helices and the active core
The model structures of AtCHX17 provided additional insights to key residues that do not align well due to low sequence identity. As the number of unique transporter folds in nature may be limited, we looked for characteristic features as the active core of proteins that transport diverse substrates could share a similar architecture [7, 18] . For example, transporters with LeuT fold have a four-helix bundle, at TM1-3 and TM6-8 that form the transport machinery. TM1 and TM6 each contain an unwound region in the middle of the membrane that has roles in ligand binding and transport [7, 31] . EcNhaA has a distinct protein fold, as the discontinuous portion resides in the middle of the membrane at TM4 and TM11 helices [23] . These two TM helices cross each other in the central unwound part in anti-parallel orientation. TtNapA has a protein fold (Fig. 2 ) similar to EcNhaA (Fig. S2) ; and its transport core may be in the four-helix bundle of TM4-5 and TM11-12. So far, these are the only CPA2-related transporters with crystals resolved at 3 A-3.45 A [23, 36] .
We first verified that D201 in the middle of TM5 in AtCHX17 is critical for activity as summarized in Table 4 . Mutating a conserved D found in all cation/proton antiporters abolished HygB resistance, confirming the change in yeast growth is directly related to CHX17 activity. Although an aspartate (D) is highly conserved in TM5 of prokaryote and eukaryote cation/proton antiporters (see Fig. 2 ; Table 3 ), we show that glutamate E201, can replace aspartate indicating the requirement for an acidic residue with a negative charge in the neutral pH range. This is unusual, as no other native CPA protein (in Fig. 2 ) carried a glutamate at this position, except for a few plant CHX, like AtCHX1/2 or AtCHX13/14 [55] . N200 is also required for CHX17 activity, though this residue is not conserved in E. coli NhaA, T. thermophilus NapA, Synechococcus NhaS4 or human Nha2. All the examples above possess a tandem DD, as in D163-D164 in EcNhaA, or D156-D157 in TtNapA. However, replacing N200 with a D failed to preserve CHX17 activity (Table 4) . Yeast KHA1p and all plant NHXs show an asparagine residue before the conserved D, indicating that ND as in N199-D200 in ScKHA1p is conserved in many eukaryote CPAs, though exceptions exist in the Arabidopsis CHX family [1, 55] . An ND instead of DD at TM5 has been interpreted to infer an electroneutral (1C [60] as well as AtKEA2 [1] , both of which have cation/H + antiport activity. Strangely, the plastid-located AtKEA2 has a Q720-D721 instead of ND in the middle of TM5. Based on studies of crystallized Na + /H + antiporters [40, 62] the conserved D201 in CHX17 TM5 likely binds the substrate ion. Asparagine (N200) plays important function, perhaps in ion translocation if not in substrate coordination. We would not have identified residues in the middle of TM4 and TM11 in CHX17 without the 3D models and secondary structure alignments. T170 emerged as a potential candidate, only after an unwound region of TM4 was predicted. T170A mutation eliminated CHX17 activity in yeast. We suggest this T170 residue is similar to T132 and T126 in EcNhaA and TtNapA, respectively. However, other residues flanking T170, I169 and A171, in CHX17 bear no resemblance to A131 and D133 seen in EcNhaA. Only SynNhaS4 and ScKHA1p shared the same sequence (TA) at the unwound region of TM4 as CHX17 (Table 3 , Fig. 2 ). Our results support the idea that T170 in the flexible region of CHX17 TM4 is conserved in CPA2, and critical for function, possibly in substrate binding or coordination [40, 62] .
Critical residues within TM11 were less obvious. The predicted secondary structure of CHX17 did not show an unwound α-helix in TM11, though the 3D model based on known templates suggested a weak one. Furthermore, the residues at the unwound region of TM11 in TtNapA or EcNhaA are not conserved. After we tested two residues, T382 and K383; only K383A mutation caused a loss in CHX17 activity, suggesting the side chain of Lys is critical. After having identified K383, we observed that a basic residue is frequently located at the flexible region of TM11. We suggest that TtNapA R331, ScKHA1p K384, human Nha2 K460 and AtNHX1 R390 are important; however the role of this basic residue has not been determined. A basic residue was not seen in the flexible region of TM11 in EcNhaA or AtKEA2 ( Fig. 2 ; Table 3 ).
We propose that residues N200, D201, T170, and K383, and possibly K355 participate in coordinating and translocation of proton and/or cation (e.g. K + ), and contribute to the active site in the central core. To verify the 3D model, we super-imposed the predicted structures of CHX17 based on six structure predictors. All 6 programs identified TtNapA as the top-ranked template. Fig. 7A shows the positions of the alphacarbons and the side chains of D201, T170, K355 and K383. Results show that each residue from six model structures overlaps with itself compactly, verifying the assertion that the central core of the protein is modeled with high accuracy. A close-up shows that 4-5 residues are near one another (Fig. 7B) in the central part of the protein. Notably, residues in the discontinuous helices (Fig. 3D) have been shown to participate in ion recognition, binding and translocation in various transporters [53] . This is possible because these residues are more flexible than residues in α-helices and thus able to accommodate a charged substrate. The substrate is likely coordinated by a combination of main chain atoms in the extended peptide, polar and charged side chains and partial charge of the helix ends. The current concept is that binding of the substrate in the desolvated state ensures high selectivity based on ion charge and size [53] . Table 4 Summary of residue mutagenesis on CHX17 activity and on protein expression in yeast. CHX17 activity is shown as yeast tolerance to HygB (relative growth) on agar plate (spot test) and in liquid medium (cell density) based on experiments shown in Fig. 4 . Location of residue in transmembrane (TM) is labeled as in the middle (mid) or at the discontinuous region (dis). HygB level was 150 μg on plate. In 'Relative growth', one + indicates weak growth from only one spot given 1× culture (0.5) as in vector only; +++ or 3 means growth from spots of cultures diluted to 0.1 and 0.01 (as in wild-type). Results were recorded after 3 days at 30°C. For growth on liquid culture containing 100 μg/ml HygB, the average OD (Cell density) of three time points at log and late log phases of growth is given. Protein-GFP refers to detection of mutated protein using anti-GFP in immuno-blots of yeast protein (Fig.5 . ND The side chain of K355 in TM10 is also close to the center, though whether it directly participates in substrate binding or charge compensation is debatable. A Lys residue at TM10 is strictly conserved in all 28 AtCHX members, and K355A mutation reduced CHX17 activity (Fig. 4) . A Lys (K) at this position is also conserved in many CPA2 from either prokaryote (EcNhaA, TtNapA) or eukaryote (ScKHA1p) sources. Strangely, replacement of K355 with arginine or glutamine, did not preserve CHX17 activity, indicating a difference with CPA1 members, such as AtNHX1 or PeNHX3 which has R353 or R356, respectively (see Fig. 2 ; Table 3 ). K300 in TM10 of EcNhaA is thought to form a salt bridge with D163, and to be important in pH regulation [36, 37, 44] . We speculate that K355 in AtCHX17 might form a salt bridge with E387, alternatively K355 and E387 may neutralize dipoles formed by the unwound residues in TM4 and TM11 (Fig. 7B ).
A glutamate at the cytoplasmic funnel distinguishes CPA2 from CPA1 members
A fundamental question in transporter classification is what distinguishes CPA1 family members from CPA2 members. We noticed that E111 is conserved in all CPA2 members, but not in CPA1 members, human NHA2 and AtNHX1 (Fig. 2) . Two recently crystallized CPA1 protein, Methanocaldococcus jannaschii NhaP1 [46] or Pyrococcus abyssi NhaP [62] do not have an acidic residue at the equivalent position. Intriguingly, E111C mutation nearly eliminated CHX17 activity (Fig. 4G) . According to the 3D models, E111 is located near the end of TM2 which forms part of a predicted funnel that provides cytosolic access to the active site in the core (Figs. 7A and 8 ) [23] . In EcNhaA, the E78C mutation reduced its activity by increasing the Km for Na + 10-fold and shifting Na + transport to a more alkaline pH than in wild-type [22] . As E78 and E252 in EcNhaA are quite far from the transport site (Fig. 3D) , the decrease in transport activity is interpreted to infer an allosteric regulatory mechanism. So far only E111C caused a significant decrease in plant CHX17 activity, suggesting E111 could serve as a pH sensor for CHX17. Perhaps, negative residues (e.g. E308, E311) at the funnel are related to the differential sensitivity to pH of CPA1 and CPA2 activity. EcNhaA is active at alkaline pH similar to AtCHX17 function in yeast; whereas AtNHX1 is functional at weak acidic pH [12] . These and other residue distinctions provide structural clues to test their roles in regulation by pH.
Two conformational states of CHX17 suggest a transport cycle
So far, our findings support the idea that the features of the poorly characterized CHX17 are similar to a cation/H + antiporter: i), the protein architecture of CHX17 is predicted to adopt a 'NhaA'-fold found in four bacterial Na + /H + antiporters; ii) An aspartate (D201) conserved in TM5 of all CPA is essential and probably binds the substrate ion in AtCHX17 as in EcNhaA; iii) two critical residues, T170 and K383, reside in the discontinuous helices of TM4 and TM11 and which cross over at the middle of the membrane likely participate in substrate coordination; iv) K355 (or a basic residue) conserved in the middle of TM10 in all CPA is essential for activity; and v) An acidic residue (E111) that lines the cytosolic funnel may serve a pH sensor role in CPA2 members, as in EcNhaA. Based on these similarities of AtCHX17 with bacterial cation/H + antiporters, the results suggest that AtCHX17 activity in yeast resembles a cation/H + exchange. This idea will need to be verified by direct measurements of cation and H + fluxes using reconstituted proteoliposomes [1] or isolated membranes/vesicles after expression in a eukaryote system. If AtCHX17 behaves as a cation/H + antiporter, we wondered how the protein changes during a transport cycle. The template structures of TtNapA versus EcNhaA provide two snapshot models of CHX17. TtNapA faces outwards; it was crystallized at pH 7.8 when the protein is active. EcNhaA was crystallized at pH 4 when protein is inactive, and faces inwards. This provides us with a rare opportunity to view two 3D models that could reflect two conformational states as CHX17 alternates between facing the cytosol (Fig. 8A ) or the outside (Fig. 8B) .
In Fig. 8A , the dotted triangle shows a funnel formed by TM2, 4, 5 and 9 open to the cytosol. In this conformation, a cytosolic ion is accessible to the central core. This model also shows that E111 and E308 line the funnel, so that changes in pH could alter conformation and thus activity. Positions for key functional residues of CHX17 in homology models. A) Superimposed models from six different structure predictors. Six automated structure predictors (Phyre2, I-TASSER , RaptorX, SWISS-MODEL, M4T, and IntFOLD2) used to build models for CHX17 select the crystal structure for Na + /H + antiporter, TtNapA (PDB ID 4BWZ) as the top-ranked template. Sequence alignment between the target and template was identical for the transmembrane alpha-helices forming most evolutionary conservative core of the transporter. To compare the predicted spatial positions for the key functional residues for this template, all twelve predicted structures were superimposed by minimizing RMSD for alpha-carbons in the region from K88 to E217 (the span that is present in all the models without a gap). On the image, the predicted conformations of the residues E111, T170, D201, K383 and K355 in alternative models are shown as thin bonds. The positions of the alpha-carbons are marked by small spheres. For clarity, the backbone position of the whole protein is shown only for PHYRE2 model. The positions of the residues are closely overlapping for different predictors indicating clear consensus in the choice of the templates and sequence alignment in the functional core. The alignment varied only in some loop regions with low conservancy and in parts of lipid-facing α-helix 7. The extent of variation in the residue position caused by this uncertainty is illustrated by S89 and L268. B) CHX17 model shows proximity of residues in the core. N200 and D201 in the middle of the membrane of TM5 are close to T170 and K383 in the discontinuous helices of TM4 and TM11, respectively. Alpha-helices are shown as cylinders.
In contrast, the model in Fig. 8B shows the cytosolic funnel is nearly closed, and the dashed triangle shows a funnel open to the outside. The helix bundle including TM4, 5, 11 have pivoted so that core residues are accessible to the outside. The inverted funnel is lined by TM 2, 8, 11 (Fig. 8B) . In this conformation, a cation could be released from the core to the outside and the core residues would bind the co-transported cation or H + substrate (see Fig. 8C ).
A simple model of a transport cycle is illustrated (Fig. 8C) [12] . In contrast, NHX1 is active at acidic pH suggesting its activity helps alkalinize cytosol when cell is under acidic pH stress. Alternatively, as these cation/H + antiporters are reversible, they can also use pH gradients to mediate cation homeostasis. It is very likely that the overall topology of AtCHX17 is correctly represented by the models, as there are many correlates between the templates and CHX17 (Fig. S2) . The major differences between the crystal structures and the models are in the distribution of electrostatic field of the protein due to differences in the number and location of acidic residues in the protein core. Both templates have three residues (e.g. D133, D163 and; D164 in EcNhaA, and D156, D157, E333 in TtNapA), with two of them directly accessible for ions and protons from the exchange pathway, while the current CHX17 models have two acidic residues in the core (D201 and E387), with only one (D201) accessible for ions. A negative charge at the convergence of TM4 and TM11 half-helices is considered to be important for compensating the positive electrostatic potential from the helical dipoles and is also implicated in pH sensitivity of the exchanger conformation, with high acidity causing protonation of the acidic residue and structural rearrangements leading to inactivation [2] . It also contributes to the focused negative electric field at the core. Future structural studies will refine the first draft CHX17 model. Both EcNhaA and TtNapA have a second aspartic acid in TM5, and it is considered to be a part of machinery that switches the accessibility of the ion-binding residue between the inward and outward vestibules, coupled with the transfer of the second proton. It is not clear which residue could play that energetic and structural role in the CHX17 models. A possible candidate for this role in CHX17 could be not acidic but a basic residue -either K355 or K383. They are located at the exchanger core, about half-way between the bulk phases. Their side chains are close to each other in the model, and most of the neighborhood is nonpolar. If 11b helix were to rotate so that E387 would face away from them and towards D201 that would cause the pKa for K355 and K383 to drop, closer to neutral pH. The side chains of K355 or K383 are close to the suggested route for protons from the bulk to the D201. It is possible that proton would transfer between the bulk phases and K355 or K383 through water wires and hydroxyl side chains, with alternating exposure of the K355 /K383 location to the opposite sides of the membrane. If this mechanism is in place, the exchanger should be sensitive to mutations in the residues at these lysines and in the hydroxyl-containing residues along the route of the proton transfer, as well as residues to which they can hydrogen bond. Our results show that mutations at K355 and K383, as well as T170 and N200 did inhibit CHX17 activity, lending support to this idea.
CHX17 activity in E. coli: an anomaly
We showed before that AtCHX17 restored growth of an E. coli strain deficient in three K + uptake pathways [12] . CHX17-mediated E. coli proliferation was accompanied by 86 Rb + uptake. However, none of the mutations that inhibited yeast growth on alkaline pH medium or on hygromycin, affected E. coli proliferation (Fig. S6) . Our results suggest that K + transport in E. coli is not dependent on conserved residues that are functional in characterized cation/H + antiporters. It is possible that K + flux into E. coli is mediated by a cation leak pathway in AtCHX17. Genes encoding ion channels and transporters are usually distinct and unrelated, thus whether NhaA-fold proteins, like CHX17, shows other modes of transport in a eukaryotic cell will need to be tested.
4.6.
A tandem USP domain at the carboxylic tail: role in signaling?
Using different prediction tools (Phyre, I-TASSER and Robetta), we showed the CHX17 C tail is similar to a tandem universal stress protein (USP) domain. Interestingly, the multi-domain nature of AtCHX17 protein is conserved in bacteria (like Myxococcus xanthus), charophyte algae, early land plants, like Physcomitrella patens and all flowering plants. All these organisms are predicted to have a cation-H + antiporter domain with a USP domain, suggesting a conserved function of the protein.
Although genes encoding USP or USP-like domains were found in E. coli, archaea, cyanobacteria and plants, such domains in plant proteins are challenging to recognize due to low protein homology [27] . One USP-like protein crystallized from Arabidopsis thaliana recently was bound to AMP [28] , suggesting it belongs to a nucleotide-binding subfamily of USP. In E. coli, stand-alone USP proteins are induced in response to a wide range of stress cues [35] , though their specific functions are unclear. USP-like domains also exist as part of plant protein kinases [27] and bacterial transporters [57] . Intriguingly, AtCHX17 expression is induced by stress, such as salt, abscisic acid, pH ( [11] ; Padmanaban and Sze, unpublished) or low K + [14] . As one USP protein may interact with another to form dimers or tetramers [52] , it is possible that the C tail of plant CHX transporters interacts with other USPdomain containing proteins for signal transduction. If so, such interactions could modulate ion or pH homeostasis and membrane trafficking, and possibly enhance the ability of plants to withstand environmental changes, like desiccation, heat or anoxia.
Significance to plant membrane transport
The gap between the number of protein with known sequences and the number of functionally characterized proteins is increasing. One way to narrow this gap is to use computational approaches for modeling structure and function using protein sequences and predicted secondary structures. Homology-model guided mutagenesis is a powerful approach to reveal residues involved in catalysis, give clues to functions of unknown protein or domain, and infer the mode of transport of poorly characterized transporters. This approach is beginning to highlight residues in the active site of a few diverse transporters from plants, such as rice sucrose/H + symporter and poplar PeNHX3 [54, 60] . Our study revealed critical, yet unrecognized, residues in related transporters, including plant KEA and NHX family members which affect vegetative plant growth and survival through pH and cation homeostasis in plastids and in the endomembrane system. Moreover, the hydrophilic tail of a plant AtCHX17 is shown to resemble the secondary structure of a tandem universal stress protein. This finding highlights the potential role of many plant CPA2 transporters in signaling as plants respond to environmental fluctuations. Our findings and models provide valuable insights to verify the proposed ideas of CHX structure and function in future
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